To exploit the advantage of obtaining enhanced mass transfer rates in electrochemical processes, in the present study, experiments were conducted in gas-liquid up-flow electrochemical cells in the presence of string of disc promoter internal. Computation of mass transfer coefficients was facilitated by the measurement of limiting currents at the electrodes fixed flush with the inner surface of the perspex tube wall. An equimolar potassium ferrocyanide and potassium ferricyanide solution in the presence of sodium hydroxide supporting electrolyte was used as the liquid phase and nitrogen was used as the inert gas phase. In gas-liquid up flow bubble columns in the presence of string of sphere promoter, the mass transfer coefficients were found to increase slightly with gas velocity, sphere diameter and rod diameter. The influence of liquid velocity and pitch was found to be negligible. The data were correlated using jD factor.
Introduction
The design aspects involved in the setting up of electrochemical process industries are based on investigations carried out in small-scale laboratory electrochemical cells. Scale-up of the electrochemical reactors from laboratory scale to large-scale is greatly influenced by those results obtained from laboratory experiments and pilot plant studies.
The design and scale-up of equipment for any such process requires high heat and mass transfer rates. Higher heat and mass transfer rates can be attained by employing suitable augmentation technique. Various such techniques in use were comprehensively reviewed by Bergles (2003) . These techniques were classified into two categories viz., active and passive. Active methods require the application of external energy whereas in passive methods, augmentation is attained by modifying the flow passage for the advantage of increased mass and heat transfer rates. All the passive augmentation techniques that were presently in use were thoroughly reviewed by Dewan et al (2004) . Quite an appreciable number of works were reported in the enhancement of heat and mass transfer coefficients in homogeneous flow (Venkateswarlu et al., 2000; Subramanyam et al., 2011; Niranjana Rao et al., 2014; Reddy et al., 2014) . Sitaraman (1977) investigated ionic mass transfer in homogeneous flow with string of spheres as internal by making measurement of limiting current. He proposed the following correlation. 
Few similar works were also reported in two-phase up flow bubble columns (Sarma et al., 2011; Subramanyam et al., 2014; Ramesh et al., 2009; Suresh et al., 2014; Khamadieva and Bohm, 2006; Verma and Rai, 2003) in the absence and presence of promoters. By giving up high heat and mass transfer rates, the bubble columns also had the advantages of uniform temperature and concentration coupled with better controllability. A promoter may yield good enhancement but its fabrication may be very difficult. In view of this a string of spheres on a rod is chosen for the present work as the promoter internal because of it's simplicity in fabrication and also allows us to obtain highest mass transfer coefficient values because it occupies much of the space in the test section, thus causing a large increase in fluid velocities in test section. In view of these observations, in the present study investigations were carried out using string of spheres as a promoter element for obtaining magnitudes of improvements in wall-liquid mass transfer in gasliquid upflow bubble columns. The flow system selected for the present study comprises of a fluid electrolyte as liquid phase, and nitrogen as gas phase. Limiting current technique is used to obtain mass transfer coefficients. The electrochemical system chosen for the present investigation belongs to ferricyanide-ferrocyanide redox system. The electrode reactions involved are:
Fe(CN)6 3 -+ e  Fe(CN)6 4 -(Reduction) … (2) Fe(CN)6 4 - Fe(CN)6 3 -+ e (Oxidation) ...
From the measured limiting current, mass transfer coefficient is calculated using the equation
The range of variables covered in the present study is compiled in Table 1 . Heat and Mass Transfer (2016) Vol. 3 No. 4 pp. 225-237 227 
Experimental
Carefully designed and fabricated equipment was used to carry out the mass transfer studies in the present investigation. The schematic of the experimental unit employed in the present study was presented in Fig.1 . The experimental unit comprised of storage tank (S), centrifugal pump (P), two rotameters (R1 and R2) and experimental column. The storage tank was 100 liters Sintex tank completely covered with an ebonite sheet to avoid the contact between the electrolyte and the atmosphere. A perforated spiral coil (CC) was provided in the storage tank to bubble nitrogen gas in the electrolyte for deaeration. The storage tank was connected to the suction of the centrifugal pump (P) through a valve (V1). Valve V2 was provided to the storage tank for draining the electrolyte during periodic cleaning. The discharge end of the 1 kW Kirloskar make centrifugal pump (P) was connected to the bottom of the calming section of the experimental column for pumping the electrolyte. The bypass line was provided at the discharge end of the pump with a globe valve V3 to control the flow through rotameter (R1). This Indus make rotameter with a calibrated range of '0' to '60' liters/min was used to measure the flow rate of the electrolyte. The valve V4 was provided at the entry point of the rotameter and valve V5 was provided at the bottom of the experimental column.
Fig. 1. Schematic diagram of Experimental Setup
A -Entrance calming section, B -Test section, C -Exit section, CC -Copper coil, D -Fluid distributor, DR -Drain, F 1 and F 2 -Flanges, G -Wet gas flow meter, N -Nitrogen gas cylinder, P -Pump, P 1 -Pressure gauge, R 1 and R 2 -Rota meter, S -Storage tank, S pSparger, T 1 and T 2 -Pressure taps, U -U tube manometer, V -Vent in the exit section, V 1 to V 7 -Valves IOLAR grade nitrogen was procured from Bharat Oxygen Corporation, Visakhapatnam in cylinders. Precision air regulator of Concoa make was used as the gas regulator. For measurement of gas flow rate rotameter R2 was used. This Indus make nitrogen rotameter with a pre-calibrated range of '0' to '30' liters/min was used to measure the flow rate of the nitrogen gas. Valve V7 is provided at the entry point of rotameter (R2) while valve V6 which was a needle valve was arranged at the entry point of the experimental column.
The experimental column essentially consisted of three sections: an entrance calming section (section-A), a test section (section-B) and an exit calming section (section-C). The calming section was filled with marble stones to minimize the flow fluctuations and eliminate tangential entry effects. The test section was made of smooth perspex tube of 6.73 cm inner diameter and 50 cm height. The inner surface of the test section was provided with 34 numbers of copper micro electrodes. These micro electrodes were carefully machined to the size of 3.42 mm diameter. One end of these electrodes was fixed flush with inner surface of the test section while the other end projected outward served as terminal for connecting the electrodes to the external electric circuit. A stainless steel wire mesh was placed at the bottom of the test section. The wire mesh also served as fluid distributor (D). The exit calming section was a gas-liquid separator, was provided with an open end to vent the nitrogen gas into the atmosphere and the electrolyte was drained into the storage tank from the bottom of the separator. The turbulent promoter comprises an array of uniform diameter of spheres fixed at a given pitch on a stainless steel rod. The details of the string of spheres promoter were shown in Fig.2 . The circuit employed for the measurement of limiting current essentially consisted of a six volt D.C source, an ammeter, a voltmeter, a rheostat and a commutator.
Fig. 2. Details of the Strings of Sphere Promoter Assembly
P. Rohini Kumar, K. Ashok Kumar, P. Venkateswarlu, and K.V. Ramesh / American Journal of Heat and Mass Transfer (2016) Vol. 3 No. 4 pp. 225-237 229 Freshly prepared very pure distilled water was used to make about 70 liters of equimolar solution of potassium ferrocynade and potassium ferricynide each of 0.01 N in the presence of 0.5N of sodium hydroxide from analytical grade reagents. The rotameter R1 was calibrated using this fluid electrolyte. The solution was deaerated by nitrogen. The electrolyte from the storage tank was metered and sent through the experimental column. The flow rate of electrolyte was measured by the rotameter R1 , and the flow rate was adjusted by making use of the control and by pass valves. During each run estimation of the concentrations of the species was made by volumetric analysis (Kolthoff and Furman, 1929; Sutton, 1935) .
Results and Discussion
Firstly, the wall-liquid mass transfer coefficient data were obtained in homogeneous flow in the presence of string of spheres on a rod as the promoter internal. Colburn j-factor jD has been computed from the experimental data on mass transfer. From the equations of Sitaraman (1977) jD data were also computed. Parity plot showing a comparison of present experimental jD data and the predicted data was shown in Fig.3 . An examination of the plot of this figure reveals that the present experimental data obtained in homogeneous flow of electrolyte were in good agreement with that of Sitaraman (1977) . 
Variation of mass transfer coefficient in the longitudinal direction
Initially in the gas liquid upflow bubble column, measurement of mass transfer coefficient has been made at each of the 34 electrodes. These mass transfer coefficient data have been shown in Fig.4 for one specific promoter but with varied pitches. The promoter was arranged in such a way that, the maximum diameter normal to the flow direction is aligned exactly in line with an electrode. So that the variation in mass transfer coefficient from this electrode to next such electrode, the P. Rohini Kumar, K. Ashok Kumar, P. Venkateswarlu, and K.V. Ramesh / American Journal of Heat and Mass Transfer (2016) Vol. 3 No. 4 pp. 225- Heat and Mass Transfer (2016) Vol. 3 No. 4 pp. 225-237 231 distance between them is equal to pitch. This distance has been measured and shown in Fig.4a for the pitch value of 5 cm. An inspection of the plot of this graph indicates that the mass transfer coefficient exhibited fluctuations and the average value is also shown by dashed lines. More or less same average value has been obtained for the entire 34 electrodes. This observation reveals that the mass transfer coefficient varies along the axial direction because of varied turbulent intensity. As the fluid electrolyte passes along the axial direction it is subjected to contractions and expansions of flow area and hence the turbulence intensity varies. This greatly affects resistance film on the electrode surface. Hence, a longitudinal variation is noticed. Similar trends have been observed from Figs. 4b, 4c and 4d which were drawn for the pitches values of 7, 10, 15 cm respectively.
Effect of liquid and gas velocities
Initially, mass transfer coefficient data were obtained in an empty bubble column with out any promoter. The mass transfer coefficient data thus obtained were in good agreement with that of Ramesh et al (2009) . The mass transfer coefficient data in a two-phase bubble column in the presence of string of spheres {p = 5.0 cm, dr = 1.0 cm, db = 4.0 cm} for three superficial liquid velocities 0.0936, 0.1217 and 0.1498 m/s were plotted against superficial gas velocity and shown in Fig.5 . It is conspicuous from the plots of this figure that the mass transfer coefficient increased with gas velocity. Also the effect of liquid velocity seems to be insignificant.
Similarly, mass transfer coefficient obtained for three different superficial gas velocities 0.014, 0.0234 and 0.0374 m/s and were plotted against superficial liquid velocity and shown in Fig.6 . A close examination of the pots of this figure revealed that the influence of liquid velocities on mass transfer coefficient appears to be marginal and mass transfer coefficient was found to increase with increasing gas velocity. The reason for this behavior can be attributed to the relative insignificant contribution to the total turbulence generated by the liquid. The mass transfer coefficients were largely influenced by gas velocities. These observations were also in accordance with that of Ramesh et al (2009) . P. Rohini Kumar, K. Ashok Kumar, P. Venkateswarlu, and K.V. Ramesh / American Journal of Heat and Mass Transfer (2016) Vol. 3 No. 4 pp. 225-237 The following explanation can be provided for this kind of behavior. It is clearly established that the main resistance for the mass transfer is offered by the fluid film that appears on the reacting surface. Increase of turbulence will render the fluid film to be thin. This causes reduction in the resistance to mass transfer and hence higher values of mass transfer coefficient would be expected. However in the present case, with string of spheres promoter, the flow area available is greatly reduced and hence the flow velocities of the fluids would be very high. It seems the turbulence that is generated in the test section might not very significant due to the variation of pitch. Hence, marginal influence of the pitch on mass transfer coefficient has been observed. The following explanation can be provided for the increase of L k with sphere diameter. As the diameter of sphere is increased the available area for flow decreases, hence the flow of the liquid experiences large variation in cross-section along the test section that leads to intense churning action resulting in severe turbulence. Therefore, the resistance film thickness decreases. Hence the mass transfer coefficient increased. 
Effect of pitch on mass transfer coefficient

Effect of sphere diameter
Effect of rod diameter
In fabricating promoter internals with array of elements such as discs, cones and spheres etc., a concentric rod is used to hold these elements. In the present case, the insert promoter being string of spheres on a rod, in which the sphere essentially acts as a streamlined body. Although one can expect that at the leading edge of the first sphere there is no scope of formation of wakes, but at the trailing edge of all the spheres and leading edges of second and remaining spheres, small wakes are likely to form at the sphere and rod junctions. The size of these wakes is expected to be varied by changes in sphere diameter and rod diameter. In case of sphere diameter being constant, as the rod diameter is increased, the fluid velocities also increase because the available cross sectional area decreases. All these effects are likely to influence the resulting turbulence and one can anticipates that an increase in rod diameter might result in increasing turbulent intensity which in turn yields enhanced mass transfer coefficient. The experimental data that were obtained were in accordance with this conceived mechanism. Fig.9 shows the mass transfer coefficient data drawn against superficial liquid velocity for the three different rod diameters, 0.6, 1.0 and 1.3 cm obtained at constant superficial gas velocity of 0.0234 m/s, at a pitch of 10 cm and sphere diameter of 4 cm. The plots A, B, and C represent the mass transfer coefficient data for the rod diameters 0.6, 1.0 and 1.3 cm respectively. A keen inspection of these plots reveals that the influence of rod diameter on mass transfer coefficient was marginally significant. The mass transfer coefficient L k marginally increased with rod diameter. This observation is also noticed from inset Fig.9a . 
Correlation
The data on L k obtained in the present investigation have been correlated in the jD-Re format by regression analysis.
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Conclusions
From the present study, the following conclusions were drawn. In two phase upflow bubble column in the presence of string of spheres promoter, the influence of liquid and gas velocities on mass transfer coefficient was found to be nearly insignificant. No significant effect of pitch on mass transfer coefficient has been observed. The mass transfer coefficient increased with increase in sphere diameter. An increase in mass transfer coefficient has been observed with rod diameter A correlation in the jD-Re format has been obtained for mass transfer data by regression analysis. 
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